Abstract
INTRODUCTION
Arch reoperations complicate 7-10% of paediatric aortic arch repairs for aortic arch lesions such as coarctation of the aorta, interrupted aortic arch and hypoplastic aortic arch [1, 2] . Arch reobstruction is the most common indication for an arch reoperation [2] , but other complications of arch repair may also necessitate reoperation such as aneurysm formation or bronchial compression. There is some evidence that patients undergoing a second arch operation have a considerable burden of mortality and morbidity, both in the immediate postoperative period and in long-term follow-up [3] [4] [5] . However, these studies often have small cohort sizes and short follow-up times, so little is known about the predictors of these adverse outcomes. Furthermore, there is currently no consensus in the literature on the best surgical technique at arch reoperation to achieve long-lasting successful results.
This study aims to determine the early and late outcomes of patients undergoing a second arch operation, and identify predictors of late mortality, arch reobstruction, and third arch operation.
MATERIALS AND METHODS

Study population
The design of the study was approved by The Royal Children's Hospital Human Research and Ethics Committee, and the need for consent was waived because of the retrospective nature of the study. Between 1979 and 2015, 70 consecutive patients with biventricular physiology (36 males; 51%) underwent a second arch operation at The Royal Children's Hospital, Melbourne. †Paper presented at ASCVTS 2017, Seoul, 23-26 March 2017. ‡ The first two authors contributed equally to this study.
This represents 4% (70/1621) of all patients with biventricular physiology who underwent an arch repair during the same period.
Baseline characteristics of the patients are displayed in Table 1 , and the operative data for initial and second arch operations are displayed in Table 2 . The arch was defined as hypoplastic if the initial preoperative echocardiogram report, the cardiologist's report or the surgical notes at the time of initial arch repair labelled it as hypoplastic. The median time to second arch operation from initial repair was 0.6 years (interquartile range: 0.1-3.3). Seventeen patients (17/70, 24%) underwent at least 1 balloon angioplasty prior to a second arch operation, and half of these patients had a hypoplastic arch (9/17, 53%) at the time of initial repair. Prior to second arch operation, the median time to balloon angioplasty from initial arch repair was 0.4 years (interquartile range: 0.3-0.9).
Indications for initial arch repair included coarctation in 55 (55/70, 79%), interrupted aortic arch in 12 (12/70, 17%) and isolated hypoplastic arch in 3 (3/70, 4%). A total of 38 patients had a hypoplastic arch (38/70, 54%) including 34 patients with coarctation (34/55, 62%) and 1 patient with interrupted aortic arch (1/12, 8%). The patient with interrupted aortic arch and arch hypoplasia had a distal interruption and significant narrowing of the transverse arch.
Indications for a second arch operation included arch reobstruction in 63 (63/70, 90%), bronchial compression in 5 (5/70, 7%) and aneurysm formation in 2 (2/70, 3%). Six patients (6/70, 9%) underwent an interposition graft at second arch operation for left main bronchial compression in 4 patients and aneurysm formation in 2 patients.
Details of the techniques for arch reoperation have been previously described [6, 7] . Earlier in our series, left thoracotomy was preferred with 17 of 20 (85%) second arch operations performed through a left thoracotomy before 1990. However, since 1990 we have performed the vast majority of second arch operations through a median sternotomy (40/50, 80%). For the purposes of this study, patients who underwent a left thoracotomy followed Values are n (%) unless otherwise specified. IQR: interquartile range.
by a median sternotomy (3/70, 4%) were considered to have had a median sternotomy.
Outcomes
Early outcomes were defined as outcomes that occurred within 30 days after surgery or during hospital stay. Late outcomes were defined as outcomes that occurred after this period of time.
Third arch intervention was defined as either a third balloon angioplasty or arch operation. Arch reobstruction was defined as a peak gradient exceeding 25 mmHg across the repair site on transthoracic echocardiogram or requiring an arch intervention for reobstruction.
Resting hypertension for children and adolescents was defined as a systolic or diastolic blood pressure > _95th percentile for age and height; prehypertension was defined as between the 90th and 95th percentiles or if blood pressure was greater than 120/80 mmHg [8] . In adults, resting hypertension was defined as a systolic blood pressure greater > _140 mmHg or a diastolic blood pressure > _90 mmHg; and prehypertension was defined as a systolic blood pressure between 120 and 139 mmHg or a diastolic blood pressure between 80 and 89 mmHg [9] .
The left ventricular mass was calculated from 2D-guided M-mode measurements of the left ventricle using the recommended formula of the American Society of Echocardiography [10] . Left ventricular mass index was calculated by dividing left ventricular mass by (height in meters) 2.7 to minimize the effects of age, gender, ethnicity and body mass index [11, 12] . Left ventricular hypertrophy in children and adolescents was defined as a left ventricular mass index > _95th percentile (38.6 g/m 2.7 ) for healthy children and adolescents [11] . In adults, it was defined as a left ventricular mass index > _51 g/m 2.7 [12] .
Statistical analysis
All data were exported to and analysed using STATA version 13.1 (Stata Corporation, College Station, TX, USA). Data are summarized as counts and percentages for categorical variables and either mean ± standard deviation or median (interquartile range) for continuous variables, as appropriate. v 2 tests (or Fisher's exact test where appropriate) were performed to examine the effect of surgical approach on late arch reobstruction and third arch operation; and to assess risk factors for hypertension and left ventricular hypertrophy at last follow-up.
Kaplan-Meier curves were drawn to examine long-term mortality, arch reobstruction, third arch intervention and third arch operation. Survival data were expressed as survival percentage with a 95% confidence interval (CI). All collected patient and surgical characteristics were tested for their impact on the outcomes of late mortality, arch reobstruction, and third arch operation by univariable Cox regression analysis using the Breslow method for ties, and all factors shown to have a significant effect were then entered in a multivariable Cox regression in a stepwise fashion. A P-value < _0.05 was considered statistically significant.
RESULTS
Early outcomes
Early mortality. Two patients (2/70; 3%) died within the first 30 days of hospital stay. One patient had a cardiac arrest 6 days after second arch operation and was commenced on extracorporeal life support for low cardiac output syndrome. Extracorporeal support was withdrawn 2 days later due to poor neurological prognosis from bilateral intraventricular haemorrhage on brain imaging. The other patient underwent interposition grafting with a pulmonary branch artery homograft for relief of bronchial compression, and required a further early reoperation 6 days later for revision of the interposition graft with aortopexy due to continued bronchial compression. Despite subsequent placement of a left main bronchus metal stent that expanded beyond the bronchial wall, the patient suffered respiratory failure with massive oral haemorrhage and died.
Early third arch intervention. Three patients (3/70; 4%) required early third arch operations during the early postoperative period for arch reobstruction in 2 patients and bronchial compression in 1 patient who subsequently died early. One of the patients with arch reobstruction required revision of the arch repair using a homograft pulmonary artery patch, and the other patient required an ascending-to-descending aorta extraanatomic bypass using a Dacron graft. The patient with bronchial compression underwent revision of the interposition graft with aortopexy through thoracotomy to relieve this compression, and subsequently died early after bronchial stent placement.
Other early complications. Other early complications of second arch operation occurred in 37 of the 70 patients (53%). Seven patients (7/70, 10%) had neurological complications such as left recurrent laryngeal nerve palsy, 20 patients (20/70, 29%) had pulmonary complications such as pleural effusion and atelectasis, 5 patients (5/70, 7%) had bleeding complications, while 19 patients (19/70, 27%) had other complications such as sepsis and complete heart block requiring a pacemaker.
Late outcomes
Four of the 68 hospital survivors were lost to follow-up, leaving 64 patients followed up (94%) for a mean of 9 ± 7 years after second arch operation. The median age at last follow-up was 13 years (interquartile range: 4-18).
Late mortality. There were 5 late deaths (5/64, 8%). One death was attributed to an out of hospital cardiac arrest presumably due to a life-threatening arrhythmia but no post-mortem was performed, and another death was due to Varicella pneumonia. The cause of death for the remaining 3 patients is unknown. These 5 late deaths occurred entirely in patients who required additional non-arch cardiac operations for associated cardiac lesions. These procedures included both atrial septal defect closure and ventricular septal defect closure in 2 patients, aortic and mitral valvotomy in 1, left ventricular outflow tract obstruction repair followed by a modified Konno-Rastan procedure in 1, and a Ross-Konno procedure followed by a mitral valve replacement in 1.
Late survival from second arch operation was 98% (95% CI: 89-100) at 5 years, 90% (95% CI: 75-96) at 10 years and 90% (95% CI: 75-96) at 15 years (Fig. 1) . No significant risk factors for late mortality were determined on multivariable analysis (Table 3) .
Late arch reobstruction. A total of 18 patients (18/64; 28%) had arch reobstruction. Of these 18 patients, 9 patients had a third arch intervention for arch reobstruction in 7 patients, aneurysm formation in 1 patient, and revision of interposition graft in 1 patient. The remaining 9 patients had arch reobstruction on echocardiography at last follow-up.
Patients who underwent a left thoracotomy at the time of second arch operation had a higher rate of arch reobstruction than patients who underwent a median sternotomy [40% (10/25) vs 21% (8/39), P = 0.09]. In patients with a hypoplastic arch at the time of initial repair, the rate of arch reobstruction was higher after a left thoracotomy at the time of second arch operation than after a median sternotomy [75% (6/8) vs 24% (6/25), P = 0.02].
Freedom from arch reobstruction was 84% (95% CI: 72-91) at 5 years, 78% (95% CI: 62-87) at 10 years and 63% (95% CI: 43-78) at 15 years (Fig. 2) . On multivariable analysis, a hypoplastic arch at initial repair [hazards ratio (HR) 3.42, P = 0.02, 95% CI: 1.18-9.90] and a bicuspid aortic valve (HR 3.16, P = 0.04, 95% CI: 1.05-9.48) were risk factors for arch reobstruction (Table 4) .
Late third arch intervention. Ten of the 64 followed patients (16%) required a third arch intervention, 5 of whom required a fourth arch intervention (5/64; 8%). These 10 patients (10/64; 16%) required 11 third arch operations for arch reobstruction in 8 patients, aneurysm formation in 1 patient, bronchial compression in 1, and revision of interposition graft in 1 patient. Three of those 10 patients (30%) additionally required balloon dilatation for arch reobstruction.
Patients who underwent a left thoracotomy at the time of second arch operation had a higher rate of third arch intervention than patients who underwent a median sternotomy [24% (6/25) vs 10% (4/39), P = 0.1].
Freedom from third arch operation and intervention was 86% (95% CI: 74-93) at 5 years, 86% (95% CI: 74-93) at 10 years and 74% (95% CI: 52-87) at 15 years (Fig. 3) . On multivariable analysis, hypoplastic arch at initial repair (HR 6.01, P = 0.03, 95% CI: 1.18-30.70) and interposition graft at second arch operation (HR 26.26, P < 0.0001, 95% CI: 4.77-144.49) were risk factors for third arch operation (Table 5 ).
Late hypertension. Resting blood pressure measurements were available in 51 of the 64 (80%) followed patients at last follow-up.
Resting hypertension was present in 11 (11/51; 22%), prehypertension was present in 10 patients (10/51; 20%), and an additional 7 patients (7/51; 14%) were on an antihypertensive medication. A total of 12 patients (12/64, 19%) were on an antihypertensive medication at the time of last follow-up, 5 of whom still had resting prehypertension or hypertension. On multivariable analysis, male gender was the only risk factor identified for the development of late resting hypertension (odds ratio: 5.44, P = 0.05, 95% CI: 0.99-29.92).
Late left ventricular hypertrophy. Twenty-five of the 64 (39%) followed patients had transthoracic echocardiographic measurements of the left ventricle at last follow-up. Left ventricular hypertrophy was present in 48% (12/25), and was not associated with resting hypertension (P = 1.0).
DISCUSSION
Alarmingly, up to 75% of patients may develop hypertension after coarctation repair or interrupted aortic arch [7, [13] [14] [15] , which may be associated with mortality at a young age [16] . Residual arch obstruction is the most intuitive cause for this late hypertension and necessitates prompt relief [14] . However, the optimal surgical technique for arch reobstruction is still debated and little is known about the long-term outcomes of patients undergoing aortic arch reoperations. The largest known contemporary studies investigating outcomes of patients requiring arch intervention after initial arch repair are by Brown et al. [2] and Mery et al. [3] where they reported on 108 patients and 48 patients over a median of 14.2 years and 6.3 years, respectively, but both studies included patients with complex single ventricle physiology. In our study, we examined biventricular patients undergoing arch reoperations after initial repair for coarctation, interrupted aortic arch repair, or hypoplastic arch, while the majority of similar studies have only focused on patients undergoing arch reoperations after initial coarctation repair [2, 5] . To our knowledge, our study is the largest to date investigating the outcomes of biventricular patients undergoing second arch operations with one of the longest follow-up times. Our late arch reobstruction rate of 28% was considerably higher than those reported by similar studies, which range from 0 to 14% [3, 5, 17, 18] . Consequentially, our late third arch intervention rate of 16% was also higher than the 0-13% quoted by these studies [3, 5, 17, 18] . We were able to identify a number of risk factors for a third arch intervention after second arch operation.
Arch hypoplasia
We demonstrated arch hypoplasia to be an independent risk factor for arch reobstruction and third arch operation. More than half of patients had arch hypoplasia in this study, a proportion higher than previously reported [4, 5] , and this may have contributed to our high rate of late arch reobstruction and third arch intervention. It should be noted that arch hypoplasia is a concept that is still poorly defined [19] . Similarly to others [2, 4] , we demonstrated higher rates of arch reobstruction after balloon angioplasty compared with surgical intervention, especially in the presence of a hypoplastic arch [4] . A quarter of patients who had at least 1 balloon angioplasty after their initial arch operation subsequently had a second arch operation, with over half of these patients also having a hypoplastic arch before their initial arch operation. We have previously demonstrated that the proximal segment of a hypoplastic transverse arch does not always grow reliably after initial coarctation repair [20] . We believe that patients with a hypoplastic arch who develop an arch reobstruction should be preferentially treated with a surgical reoperation instead of balloon angioplasty.
Surgical technique
As expected, the use of interposition grafts at second arch operation was associated with late third arch interventions. Interposition grafts were mainly used at second arch operation in patients with left main bronchus stenosis. This is a simple and effective technique to augment the space below the concavity of the arch. Apart from this indication, we believe that interposition grafts should not be used for arch reoperations for reobstruction in young children.
Patients who had an arch reoperation via a left thoracotomy had a higher rate of arch reobstruction than patients who had a median sternotomy, even if this difference did not reach statistical significance. Our work demonstrated that more than a quarter of patients undergoing a second arch operation still needed a third arch operation by 15 years of follow-up. We identified a hypoplastic arch and reoperations using a thoracotomy approach as risk factors for these third operations. We therefore believe that more extensive arch procedures may be necessary if we want to adequately relieve arch obstruction and avoid the risk of subsequent reoperations. Similar to others [3] , we are now advocating for more extensive procedures at arch reoperation via a median sternotomy with our preference being a patch aortoplasty. Previously, we performed extra-anatomic bypass in patients who have reached adult size, but we are now cautious with this operation because we have demonstrated the risks of prolonged effusion drainage and mediastinitis associated with this approach [21] . We believe that the high-attrition rate associated with late hypertension [16] justifies the risks associated with more extensive surgery.
Limitations
Due to the historical nature of this series spanning over 36 years, the results presented may not accurately reflect current practice, and we were unable to access preoperative echocardiogram or catheter data in all patients to objectively examine for arch hypoplasia. The patients were not randomly assigned to the various surgical procedures, and therefore the design of the study may not have allowed us to compare adequately all techniques employed.
The diagnosis of arch obstruction using transthoracic echocardiography can be subjected to criticism because of the difficulty in acquiring adequate visualization of the descending aorta.
CONCLUSIONS
Patients undergoing a second arch operation have significant rates of arch reobstruction and reoperation. The high rates of arch reobstruction and third arch operation warrant more extensive procedures at the time of second arch operation, especially in patients with a hypoplastic arch. Regular long-term monitoring after arch reoperation is mandatory.
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